In Gram-negative bacteria, lipopolysaccharide is essential for outer membrane formation and antibiotic resistance. The seven lipopolysaccharide transport (Lpt) proteins A-G move lipopolysaccharide from the inner to the outer membrane. The ATP-binding cassette transporter LptB 2 FG, which tightly associates with LptC, extracts lipopolysaccharide out of the inner membrane. The mechanism of the LptB 2 FG-LptC complex (LptB 2 FGC) and the role of LptC in lipopolysaccharide transport are poorly understood. Here we characterize the structures of LptB 2 FG and LptB 2 FGC in nucleotide-free and vanadate-trapped states, using single-particle cryo-electron microscopy. These structures resolve the bound lipopolysaccharide, reveal transporter-lipopolysaccharide interactions with side-chain details and uncover how the capture and extrusion of lipopolysaccharide are coupled to conformational rearrangements of LptB 2 FGC. LptC inserts its transmembrane helix between the two transmembrane domains of LptB 2 FG, which represents a previously unknown regulatory mechanism for ATP-binding cassette transporters. Our results suggest a role for LptC in achieving efficient lipopolysaccharide transport, by coordinating the action of LptB 2 FG in the inner membrane and Lpt protein interactions in the periplasm.
Gram-negative bacteria are the major cause of antibiotic-resistant infection 1 . They produce dual membranes with distinct permeation properties that prevent many antibiotics from entering the cells. Although the inner membrane is a typical phospholipid bilayer, the outer leaflet of the outer membrane is composed almost exclusively of amphipathic lipopolysaccharide (LPS) 2 . LPS is a glycolipid that consists of lipid A, core oligosaccharides and O-antigenic polysaccharides 3 . LPS biosynthesis is critical for building the outer membrane, and for the survival of bacteria 3, 4 . LPS also has important roles in bacterial pathogenesis and in inducing the host immune response 5 .
Newly synthesized LPS in the cytoplasmic leaflet of the inner membrane must cross the inner membrane, periplasm and outer membrane [6] [7] [8] in a journey that is powered by two ATP-binding cassette (ABC) transporters, MsbA and LptB 2 FG. MsbA flips the nascent LPS across the inner membrane. LptB 2 FG extracts the mature LPS out of the inner membrane, and drives its unidirectional movement through a physically connected bridge formed by LptC, LptA and LptD-LptE 9,10 ( Fig. 1a ). Despite the fact that much structural information is available for the Lpt proteins [11] [12] [13] [14] [15] [16] [17] [18] , little is known about the structural basis of interactions between Lpt proteins and LPS.
In the LptB 2 FG ABC transporter, the two LptB subunits form the nucleotide-binding domains (NBDs) that bind and hydrolyse ATP, and the transmembrane helices of LptF and LptG comprise the transmembrane domains (TMDs) that translocate LPS. Unlike most other ABC transporters that translocate substrates across the membrane, LptB 2 FG extrudes LPS out of the membrane-probably using a mechanism that has yet to be described 17, 19 . Two recently published crystal structures of LptB 2 FG in nucleotide-free conformations have provided the first structural insights into this complex 16, 17 , but no bound LPS was resolved in these studies.
LptB 2 FG forms a tight complex with LptC 20 . LptC has a single N-terminal transmembrane helix (TM LptC , also known as TM C ) and a periplasmic β-jellyroll domain (βJR LptC , also known as C-bjr). The N-and C-terminal regions of βJR LptC interact with LptB 2 FG and LptA, respectively [21] [22] [23] [24] , which mediates the movement of LPS from the inner membrane to the periplasm 13, [21] [22] [23] [24] [25] (Fig. 1a ). TM LptC is dispensable for cell viability, but removal of TM LptC decreases the association of LptC with LptB 2 FG 22 . The precise function of LptC and the mechanism of action for LptB 2 FGC remain poorly understood. We used single-particle cryo-electron microscopy (cryo-EM) to characterize the structures of Escherichia coli LptB 2 FG and LptB 2 FGC in their nucleotide-free and vanadate-trapped conformations (Extended Data Table 1 ). Our studies reveal the structural basis of LPS capture and extrusion by the LptB 2 FGC complex, uncover a previously unknown mechanism by which the ABC transporter LptB 2 FG is regulated by an extra transmembrane helix (that is, TM LptC ) and suggest a role for LptC in coordinating LptB 2 FG action in the inner membrane and the formation of the Lpt protein bridge in the periplasm.
Biochemical characterization of the Lpt complexes
The LptB 2 FG and LptB 2 FGC complexes were overexpressed in E. coli strain BL21(DE3), purified in dodecyl maltoside (DDM) and reconstituted in nanodiscs with palmitoyl-oleoyl-phosphatidylglycerol (POPG) (Extended Data Fig. 1a-f ). The ATPase activities of both complexes in nanodiscs were substantially higher than those in DDM (Extended Data Fig. 1g ), which indicates that the lipid membrane is important for supporting the transporter activity. LptC inhibited the ATPase activity of LptB 2 FG in nanodiscs ( Fig. 1b , Extended Data Fig. 1g ), which suggests a regulatory role for LptC in the LptB 2 FGC complex. A similar modulation by LptC has also previously been observed in a proteoliposome system 10 .
Structure of LptB 2 FG with LPS bound inside the TMDs
Two-dimensional class averages of LptB 2 FG cryo-EM particle images showed clear structural features ( Fig. 1c , top, Extended Data Fig. 2b ). The final cryo-EM map at 4.0 Å resolution ( Fig. 1d , Extended Data Fig. 3a, b ) reveals side-chain densities in the TMDs (Fig. 1f , Extended Data Fig. 3f ), and secondary structural elements and many side-chain densities in the NBDs (Extended Data Fig. 3g ). The two TMDs, each of which is formed by six transmembrane helices (TM1, TM2, TM3,
Article reSeArcH
TM4, TM5 and TM6), show limited interactions between TM1 and TM5 (Extended Data Fig. 3e ). The lower resolution of the β-jellyroll domains is probably due to mobility. Our cryo-EM structure of E. coli LptB 2 FG is similar to the crystal structure of Klebsiella pneumoniae LptB 2 FG 16 (root mean square deviation of 1.46 Å over C α atoms). In both of these structures, the β-jellyroll domains are tilted to the side of LptG, which is different from the upright positioning of these domains in the crystal structure of LptB 2 FG from Pseudomonas aeruginosa 17 .
An LPS molecule inside the TMDs was resolved, and showed all six acyl chains, two phosphorylated glucosamines and the inner core, which is composed of two 3-deoxy-d-manno-oct-2-ulosonic acid (KDO) and three heptose groups ( Fig. 1e , Supplementary Video 1). The inner core is positioned above the level of lipid membrane, and extends towards the periplasmic space ( Fig. 1d, Extended Data Fig. 3d ). The outer core is not visible, probably owing to flexibility. The E. coli BL21(DE3) we used to express Lpt proteins possesses genetic modifications that prevent the attachment of O-antigen to LPS 26 . The LPS observed in our cryo-EM map was co-purified, because no exogenous LPS was added during purification or nanodisc reconstitution.
The six lipid acyl chains of LPS fit tightly into a cone-shaped hydrophobic pocket formed by TM1, TM2 and TM5 of both LptF and LptG ( Fig. 2a , Extended Data Fig. 4a ). Leu307 and Phe26 in LptF, and Phe317, Phe67 and Tyr320 in LptG, form close contacts with the acyl chains ( Fig. 2b) . A ring of positively charged residues at the periplasmic opening of the pocket form electrostatic interactions with the bound LPS ( Fig. 2c, d , Extended Data Fig. 4b , c). The negatively charged 1-PO 4 group is accommodated by a cluster of positively charged residues from LptG that include Lys34 and Lys41 on TM1 LptG , Lys62 on TM2 LptG , and Arg133 and Arg136 on TM3 LptG ; Arg33 from TM1 LptF also contributes to the interaction. By comparison, the 4′-PO 4 group has fewer positively charged residues in its vicinity: Lys317 on TM5 LptF , Lys40 on TM1 LptG , and Lys30 and Arg33 on TM1 LptF . The Lys40 and Lys41 of LptG, and the Arg33 of LptF, also seem to be at a distance that would allow them to interact with the inner core, which contains multiple phosphate groups. The side chains of several of the above-mentioned residues are disordered in the crystal structure of K. pneumoniae LptB 2 FG 16 (Extended Data Fig. 4d ), which suggests that they are stabilized by LPS interactions in our cryo-EM structure. In summary, the cavity inside the TMDs is highly complementary in both shape and surface properties to an LPS molecule. The observed LPS interactions with side-chain details provide the basis for understanding the functional effects of mutating the residues that interact with LPS 16, 17, 27 .
Structure of LptB 2 FGC and TM LptC interactions
Compared with those of LptB 2 FG, the 2D class averages of LptB 2 FGC showed a more extended feature above the nanodisc (Fig. 1c , bottom, Extended Data Fig. 6b ), which is consistent with the expected attachment of βJR LptC on top of the β-jellyroll domains of LptF (βJR LptF , also known as F-bjr) and LptG (βJR LptG , also known as G-bjr). Image processing that focused on the TMDs and NBDs produced a final LptB 2 FGC map at 4.2 Å resolution for these regions (Extended Data Figs. 5, 6c, d). The side-chain densities in the TMDs are well-defined (Extended Data Fig. 6f ), and reveal the presence of an additional transmembrane helix, which is TM LptC (Fig. 3a ). TM LptC spans the membrane at a tilted angle, and its C-terminal region is sandwiched between TM1 LptG and TM5 LptF at the periplasmic apex of the front TMD interface ( Fig. 3a, d ). This unexpected positioning of TM LptC presumably 
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interferes with conformational changes of the TMDs upon ATP binding, and therefore suggests a mechanism for the observed inhibition of LptB 2 FG by LptC ( Fig. 1b ). TM LptC interacts with TM1 LptG only weakly, but forms extensive hydrophobic interactions with TM5 LptF through a series of Leu, Val and Ile residues of the two helices ( Fig. 3d ). Between TM LptC , TM5 LptF and TM6 LptF , a lipid density was observed in the membrane inner leaflet, which we modelled as a POPG molecule (Extended Data Fig. 6g ).
The LptB subunits in the cryo-EM structures of LptB 2 FGC and LptB 2 FG are nearly identical, and were used to align the two structures (Extended Data Fig. 7g ). The insertion of TM LptC causes a large shift of TM1 LptG and TM5 LptF , along with the neighbouring TM2 LptG , TM3 LptG and TM6 LptF . These transmembrane helices contain the positively charged residues that mediate electrostatic interactions with LPS in LptB 2 FG (Fig. 2d ), and the substantial conformational difference in these regions in the LptB 2 FGC complex presumably leads to weaker LPS binding. Indeed, no well-defined density for bound LPS was observed in the cryo-EM map of LptB 2 FGC filtered at 4.2 Å resolution. When this map was filtered to a lower resolution (6 Å), a clear density appeared in the inner cavity, which resembles the glucosamine density in the cryo-EM map of LptB 2 FG filtered to the same resolution (Extended Data Fig. 7c , left, right). These observations suggest that TM LptC prevents TMDs from forming the optimal conformation for LPS binding, which results in higher mobility of the bound LPS.
LPS bound inside the TMDs of LptB 2 FGC
Further 3D classification that focused on the TMDs of LptB 2 FGC showed well-resolved transmembrane helices and strong LPS density (class groups 3 and 4 in Extended Data Fig. 5 ), which produced a map of LptB 2 FGC with clear LPS density, at 4.4 Å resolution (Extended Data Fig. 7a, b ). The LPS density shows phosphorylated glucosamines, R3 and R3′ acyl chains, and the first KDO group in the inner core ( Fig. 4b) . Consistent with the observation that LPS is more flexible in LptB 2 FGC, only four amino acids interact with the glucosamines and inner core; the LPS interactions stabilize these residues, which results in observable side-chain densities ( Fig. 4c, d , Extended Data Fig. 7d ). The inner core tilts onto TM1 LptF and forms close contacts with Arg33 and Gln29, which is distinct from the upright positioning of LPS in LptB 2 FG ( Fig. 4d , e, Extended Data Fig. 7e ). Additional contacts with LPS are mediated by Lys34 on TM1 LptG and Tyr320 on TM5 LptG , both via the 1-PO 4 group. The two positively charged residues, Arg33 of LptF and Lys34 of LptG, may have critical roles in LPS recognition by forming electrostatic interactions with the inner core and phosphorylated glucosamine, respectively. Indeed, a single amino acid substitution of Fig. 7g ).
the Arg33 of LptF with glutamic acid caused cell death (Extended Data Fig. 7f ), and Lys34 of LptG is essential for LPS transport and bacterial growth 27 .
In our cryo-EM structure of LptB 2 FGC, TM LptC pushes TM1, TM2 and TM3 of LptG away from LptF, which results in a wide periplasmic opening of the central cavity and keeps the positively charged residues on these helices away from the bound LPS (Extended Data Fig. 7h ). Upon the removal of TM LptC , the positively charged residues from TM1, TM2 and TM3 of LptG move towards the centre of the periplasmic mouth of the LPS-binding pocket (Supplementary Video 2), which creates a highly positively charged surface to tightly bind LPS and move it towards the periplasm (Extended Data Fig. 7e ). The periplasmic end of TM1 LptG , which contains Lys40 and Lys41, is disordered in the structure of LptB 2 FGC but becomes ordered in the absence of LptC (Extended Data Fig. 7h, left) . Thus, the interaction between LPS and TM1 LptG may have an active role in breaking the weak contact between TM LptC and TM1 LptG (Fig. 3d ) to facilitate the displacement of TM LptC .
Dynamic interactions of β-jellyroll domains
The cryo-EM particle images of LptB 2 FGC that showed a short β-jellyroll domain region (βJR short ) were almost three times more abundant than those that showed a long β-jellyroll domain region (βJR long ) (class group 5 in Extended Data Fig. 5 ), which indicates that the βJR LptC attachment was unstable. Further 3D classification revealed three orientations of the long β-jellyroll domain region (class group 6 in Extended Data Fig. 5 ). The largest 3D class produced a 4.8 Å resolution βJR long LptB 2 FGC map, in which we fit the published models of βJR LptF and βJR LptG (RCSB Protein Data Bank code (PDB ID): 5X5Y) 17 and βJR LptC (PDB ID: 3MY2) 13 as two rigid bodies (Fig. 3a-c ). This composite model showed that βJR LptC was attached onto βJR LptF and formed a continuous twisting groove, which presumably accommodates the acyl chains of the extracted LPS. βJR LptC appears to be closed (asterisk in Fig. 3b ) and would block LPS movement. The βJR LptC closure may be due to the lack of LptA binding or the absence of LPS in βJR LptC .
Three-dimensional classification revealed highly variable conformations of the short β-jellyroll domain region, and generated a βJR short LptB 2 FGC map at 5.9 Å resolution (class group 7, Extended Data Fig. 5 ). This map showed a more curved and better-resolved LptC linker than that in the βJR long LptB 2 FGC map, which suggests that the LptC linker is stretched and more mobile when βJR LptC is attached to βJR LptF .
Structures of LptB 2 FG and LptB 2 FGC with vanadate
Vanadate acts as a potent inhibitor of many ATPases by forming an ADP-vanadate complex that is trapped in the catalytic sites and stabilizes the enzymes in an intermediate conformation. To gain insights into the conformational rearrangements of LptB 2 FG and LptB 2 FGC that are triggered by ATP binding and/or hydrolysis, we characterized the structures of these complexes in the presence of 1 mM sodium ortho-vanadate, which represents a concentration 10 times higher than required for approximately 95% inhibition of the ATPase activity (Extended Data Fig. 1h ). Most cryo-EM particle images showed tightly dimerized LptB subunits, which indicates a nearly complete trapping by ADP-vanadate (Extended Data Fig. 8d, e ). Further image processing generated cryo-EM maps of vanadate-trapped LptB 2 FG and LptB 2 FGC at resolutions of 4.1 Å and 4.3 Å, respectively (Extended Data Figs. 8, 9a-e). The TMDs and NBDs in these two structures are essentially identical.
Throughout the image processing for LptB 2 FGC, no TM LptC density was observed-despite the fact that most particle images showed a long β-jellyroll domain region (Extended Data Fig. 8e ), which indicates stably attached βJR LptC . Thus, upon ATP binding, TM LptC moves away from the TM1 LptG -TM5 LptF interface and becomes disordered, which facilitates βJR LptC attachment on βJR LptF and allows the TMDs to rearrange (see below).
The cryo-EM structures of LptB 2 FG and LptB 2 FGC with vanadate revealed tight dimerization of the LptB subunits ( Fig. 5a, b) , caused by the trapping of ADP-vanadate at the ATP-binding sites (Extended Data Fig. 9i ). The structures of the LptB dimers are essentially the same as the crystal structure of isolated LptB(E163Q) dimer bound with two ATP molecules 12 (PDB ID: 4P33, root mean square deviation of 1.05 Å over C α atoms). The resolution of the bound nucleotides in our cryo-EM maps is not sufficient to distinguish between ATP and ADP-vanadate, and we cannot exclude the possibility that one of the two ATP sites contains ATP instead of ADP-vanadate. The dimerization of LptB engages the coupling helices between TM2 and TM3 in LptF and LptG, which pushes the two TMDs to rotate towards each other primarily by a rigid-body movement (Fig. 5b, d, bottom, Supplementary Video 3) . The overall organization of the transmembrane helices with pseudo two-fold symmetry is maintained after vanadate trapping, which can also be seen in slice views of the 3D reconstructions (Extended Data  Fig. 9f, bottom) . The only large local structural transition is the formation of a sharp kink in TM1 LptF , which results from the upper third of this helix bending outward and running more parallel to the membrane surface (Extended Data Fig. 9h, right) . At the front TMD interface between TM1 LptG and TM5 LptF , the helices from each TMD slide past one another to collapse the LPS-binding pocket (Fig. 5b, top) , and no bound LPS was observed. Thus, the vanadate-trapped structures of LptB 2 FG and LptB 2 FGC represent a conformation after LPS expulsion. Additional intermediate conformations of LptB 2 FGC probably exist between the states of initial ATP binding and LPS extrusion. Whether LPS expulsion occurs before, during or after ATP hydrolysis awaits future study. 
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Discussion
Our results suggest a model of LPS extraction by LptB 2 FGC (Extended Data Fig. 9j ) in which (1) LPS laterally enters the inner cavity; (2) LPS is recognized through relatively weak interactions with the TMDs;
(3) TM LptC dissociates from the TMD interface, the TMDs rearrange to tightly bind LPS and βJR LptC stably associates with βJR LptF ; (4) ATP binding causes LptB dimerization and inward movement of the TMDs, which leads to the expulsion of LPS; and (5) additional cycles of steps 1-4 extract more LPS molecules and push them towards βJR LptC . Importantly, TM LptC appears to coordinate the ATPase activity of LptB 2 FG, LPS capture and extraction from the inner membrane, and βJR LptC binding to βJR LptF in the periplasm. This suggests a previously unappreciated role for LptC in forming a highly efficient and tightly regulated LPS transport machinery. LptB 2 FGC is a unique ABC transporter that regulates its activity using a transmembrane helix from an associated protein. LptB 2 FGC captures LPS from the membrane outer leaflet, using a large outward-open cavity. This seemingly 'outward-open' conformation is functionally similar to the inward-facing conformations of many well-characterized ABC exporters 19, 28 , because all these conformations show two separated NBDs and are competent for capturing substrates. Extensive LPS interactions lead to tighter association of the two TMDs, which lock the LPS in position, and the subsequent ATP binding and/or hydrolysis trigger an inward movement of the TMDs to collapse the inner cavity. Thus, our results do not support previous models in which ATP binding induces further outward opening of the TMDs to allow LPS entry 16, 17, 29 . Our cryo-EM structures of nucleotide-free LptB 2 FGC, nucleotide-free LptB 2 FG and vanadate-trapped LptB 2 FGC (Fig. 5b-d ) display a trajectory of structural rearrangements that gradually close the outward-open LPS-binding cavity to first lock, and then squeeze out, the bound LPS. Future structural studies will reveal whether this 'lock and squeeze' mechanism applies to other ABC exporters that extrude hydrophobic or amphipathic substrates from the membrane.
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MEthodS
No statistical methods were used to predetermine sample size. The experiments were not randomized and investigators were not blinded to allocation during experiments and outcome assessment. Cloning, expression and purification of LptB 2 FG and LptB 2 FGC. The two gene fragments containing lptB with NcoI/EcoRI, and lptF-lptG with NdeI/KpnI, were amplified individually from E. coli K-12 genomic DNA by PCR. The two fragments were subsequently ligated into the pCDFDuet-1 plasmid. The recombinant plasmid pCDFDuet-lptB-lptFG, including an N-terminal His-tag on LptB, was used to transform E. coli BL21(DE3) pLysS for LptB 2 FG expression. To overexpress LptC, the gene fragment containing lptC was amplified from genomic DNA with an N-terminal Strep tag and ligated into pCDFDuet-lptB-lptFG. The recombinant plasmid pCDFDuet-lptCB-lptFG was transformed to E. coli BL21(DE3) pLysS for LptB 2 FGC expression. The bacterial cells were grown at 37 °C in Luria broth (LB) medium with 50 μg ml −1 spectinomycin until the optical density of the culture reached 1.0 at 600 nm. Protein expression was induced with 0.5 mM isopropyl β-d-1-thiogalactopyranoside (IPTG) and cells were grown for 12 h at 16 °C. Cells were collected by centrifugation, flash-frozen in liquid nitrogen and stored at −80 °C. Frozen cell pellets were re-suspended in lysis buffer containing 25 mM Tris, pH 7.8, 300 mM NaCl and 10% (v/v) glycerol and lysed by sonication (Branson). Unbroken cells and large debris were removed by centrifugation at 10,000g for 30 min at 4 °C. Membranes were pelleted by ultra-centrifugation at 100,000g for 1 h at 4 °C, re-suspended in lysis buffer and solubilized with 1% (w/v) DDM (Anatrace) for 1 h at 4 °C. LptB 2 FG and LptB 2 FGC were purified over TALON metal affinity resin (Clontech) followed by size-exclusion chromatography on a Superdex 200 column in a buffer containing 25 mM Tris, pH7.8, 150 mM NaCl, 0.05% DDM and 5% glycerol. Protein fractions with the highest homogeneity were collected and concentrated to 4 mg ml −1 and stored at −80 °C. Nanodisc reconstitution. POPG (Avanti Polar Lipids) was solubilized in chloroform, dried under argon gas to form a thin lipid film and stored under vacuum overnight. The lipid film was hydrated and re-suspended at a concentration of 10 mM POPG in a buffer containing 25 mM Tris, pH 7.8, 150 mM NaCl and 100 mM sodium cholate. LptB 2 FG or LptB 2 FGC, MSP1D1 membrane scaffold protein, and POPG were mixed at a molar ratio of 0.5:1:60 in a buffer containing 25 mM Tris, pH 7.8, 150 mM NaCl and 15 mM sodium cholate, and incubated for 1 h at 4 °C. Detergents were removed by incubation with 0.6 mg ml −1 Bio-Beads SM2 (Bio-Rad) overnight at 4 °C. Nanodisc-embedded LptB 2 FG and LptB 2 FGC were purified using a Superdex 200 column in a buffer containing 25 mM Tris, pH 7.8, and 150 mM NaCl. ATPase assay. All ATPase activity assays were modified from a previously described procedure 30 . One microgram of purified LptB 2 FG or LptB 2 FGC in DDM or 0.5 μg LptB 2 FG or LptB 2 FGC in nanodiscs was incubated in a 50-μl reaction volume containing 25 mM Tris, pH 7.8, 150 mM NaCl, 0-6 mM ATP and 5 mM MgCl 2 for 60 min at 37 °C. The reaction was stopped by adding 50 μl 12% (w/v) SDS. Then, 100 μl of 6% (w/v) ascorbic acid and 1% (w/v) ammonium molybdate in 1 N HCl was added. A final addition of 150 μl solution containing 25 mM sodium citrate, 2% (w/v) sodium metaarsenite and 2% (v/v) acetic acid was added, followed by incubation for 10 min at room temperature. Absorbance at 850 nm was measured using a SpectraMax M5 spectrophotometer (Molecular Devices). Potassium phosphate (KH 2 PO 4 ) solutions in a concentration range from 0.05 to 0.6 mM were used to construct a standard curve to determine the total concentration of released phosphate. To obtain the amounts of LptB 2 FG and LptB 2 FGC in DDM and nanodiscs for comparison of their ATPase activities, the samples were run on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) followed by Coomassie blue staining and quantification of the protein bands corresponding to LptF and LptG by densitometry (ImageJ). Site-directed mutagenesis and functional assays. All mutations were generated following the protocol of the NEB site-directed mutagenesis kit. The mutants on pCDFDuet-lptB-lptFG were transformed into the E. coli lptFG depleted NR1113 strain, plated on LB plates with 50 μg ml −1 spectinomycin in the presence of 0.2% l-arabinose, and grown for 12 h at 37 °C. The wild-type pCDFDuet-lptB-lptFG and empty vector pCDFDuet were transformed into the E. coli NR1113 and used as the positive and negative control, respectively. Single colonies were picked and inoculated into 5 ml LB supplemented with 50 μg ml −1 spectinomycin and 0.2% l-arabinose. The cells were collected and then diluted in sterile LB to reach OD 600 nm at 0.5. Each sample was subsequently serially diluted and the range was from 10 −1 to 10 −6 . Five microlitres of the diluted samples was spotted on LB plates containing 50 μg ml −1 spectinomycin with or without 0.2% l-arabinose. The plates were incubated at 37 °C overnight and observed. Electron microscopy sample preparation and data acquisition. To prepare samples for cryo-EM analysis, 2.5 μl of purified nanodisc-embedded LptB 2 FG or LptB 2 FGC at a concentration of 4 mg ml −1 was applied to glow-discharged Quantifoil holey carbon grids (1.2/1.3, 400 mesh). For vanadate trapping, the samples were incubated in a buffer containing 2 mM ATP, 2 mM MgCl 2 and 1 mM sodium orthovanadate for 20 min at room temperature before applying the samples to cryo-EM grids. Sodium orthovanadate stock was prepared as previously described 31 . Grids were blotted for 2.5-3 s with 92% relative humidity and plunge-frozen in liquid ethane cooled by liquid nitrogen using a Cryoplunge 3 System (Gatan). Cryo-EM data were collected at liquid nitrogen temperature on a Polara, Titan Krios or Talos Arctica electron microscope (Thermo Fisher), equipped with a K2 Summit direct electron detector (Gatan). All cryo-EM videos were recorded in super-resolution counting mode with SerialEM data collection software 32 . The details of electron microscopy data collection parameters are listed in Extended Data Table 1 . Electron microscopy image processing. Electron microscopy data were processed as previously described 33 with minor modifications. Dose-fractionated super-resolution videos collected using the K2 Summit direct electron detector were binned over 2 × 2 pixels, and then subjected to motion correction using the program MotionCor2 34 . A sum of all frames of each video was calculated following a dose-weighting scheme, and used for all image processing steps except for defocus determination. Defocus values of the summed images from all video frames without dose-weighting were calculated using the program CTFFIND4 35 . Particle picking was performed using a semi-automated procedure implemented in Simplified Application Managing Utilities of EM Labs (SAMUEL) 36 . Two-dimensional classification of selected particle images was performed with samclasscas.py, which uses SPIDER operations to run ten cycles of correspondence analysis, K-means classification and multi-reference alignment, or by RELION 2D classification 37 . Initial 3D models were generated from 2D class averages by SPIDER 3D projection matching refinement using samrefine.py, starting from a cylindrical density that mimics the general shape and size of nanodisc-embedded LptB 2 FG. Three-dimensional classification and refinement were carried out in RELION. Masked 3D classification with residual signal subtraction focusing on various structural regions was performed following a previously published procedure 38 . The orientation parameters of the homogenous set of particle images in selected 3D classes were iteratively refined to yield higher-resolution maps using the auto-refine procedure in RELION. All 3D classification and refinement steps were carried out without application of symmetry. All refinements followed the gold-standard procedure, in which two half datasets are refined independently. The overall resolutions were estimated based on the gold-standard Fourier shell correlation (FSC) = 0.143 criterion. Local resolution variations were estimated from the two half data maps using ResMap 39 . The amplitude information of the final maps was corrected by using relion_postprocess in RELION or the program bfactor.exe 40 . The number of particles in each dataset and other details related to data processing are summarized in Extended Data Table 1 . Model building and refinement. The crystal structure of nucleotide-free K. pneumoniae LptB 2 FG (PDB ID: 5L75) was used as a template to build the initial structure for nucleotide-free E. coli LptB 2 FG. The structure was fit into the experimental map in UCSF Chimera 41 and the sequence register was manually curated to change all amino acids to the correct E. coli sequence and to edit secondary structure restraints. Manual adjustment of the model was first performed in COOT 42 , followed by iterative rounds of real-space refinement in PHENIX 43 and manual adjustment in COOT. Simulated annealing was used in the initial rounds of phenix. real_space_refine to help the model to converge to the experimental map, and then omitted from the final rounds of refinement. LPS coordinates from the crystal structure of the TLR4-MD-2-LPS complex 44 (PDB ID: 3FXI) were used to generate restraints for the ligand with the PRODRG sever 45 . The LPS molecule was then manually fit into the experimental map in COOT, followed by refinement in phenix.real_space_refine.
The atomic model of E. coli LptB 2 FG in the vanadate-trapped conformation was built by using the nucleotide-free structure as a starting model. Manual realspace refinement in COOT was initially used to adjust all transmembrane helices and side chains to their approximate locations in the experimental map of the vanadate-trapped state. Subsequent iterative rounds of real-space refinement in PHENIX and manual adjustment in COOT were performed as described above to fit the model into the experimental map. Restraints for the ADP-vanadate complex were generated with phenix.elbow using the isomeric SMILES string obtained for the PDB Chemical Component Dictionary identifier AOV. The CIF restraint file for AOV generated from phenix.elbow was used in all refinements with phenix. real_space_refine. Figures and videos were prepared using UCSF Chimera, and the hydrophobicity surface was drawn according to the scale of ref. 46 .
The models of nucleotide-free and vanadate-trapped E. coli LptB 2 FGC were built following procedures similar to those mentioned above. The structure of LptB 2 FG was initially manually adjusted and fit into the cryo-EM map of LptB 2 FGC in COOT before real-space refinement in COOT and PHENIX. The model of the N-terminal tail and TM LptC in LptC (residues Met1 to Met24) was then manually built into the density map in COOT, and the entire structure was refined with phenix.real_space_refine. Several periplasmic loops between transmembrane helices of LptF or LptG lacked clear density, and were left un-modelled. In the
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LptB 2 FGC map with clear LPS density, the LPS molecule from LptB 2 FG was initially manually fit into the map and real-space-refined in COOT. LPS atoms that lacked clear density were manually deleted. Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
Data availability
Seven 3D cryo-EM density maps of E. coli LptB 2 FG and LptB 2 FGC in nanodiscs have been deposited in the Electron Microscopy Data Bank under accession numbers EMD-9118 (nucleotide-free LptB 2 FG), EMD-9125 (nucleotide-free LptB 2 FGC, final map), EMD-9128 (nucleotide-free LptB 2 FGC, map with clear LPS density), EMD-9129 (nucleotide-free LptB 2 FGC, βJR long map), EMD-9130 (nucleotide-free LptB 2 FGC, βJR short map), EMD-9124 (vanadate-trapped LptB 2 FG) and EMD-9126 (vanadate-trapped LptB 2 FGC). Four atomic coordinates for the atomic models have been deposited in the PDB under accession numbers 6MHU (nucleotide-free LptB 2 FG), 6MI7 (nucleotide-free LptB 2 FGC), 6MHZ (vanadate-trapped LptB 2 FG) and 6MI8 (vanadate-trapped LptB 2 FGC). Any other relevant data are available from the corresponding author upon reasonable request.
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Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main text, or Methods section).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Data analysis
Phenix; Coot; MotionCor2; CTFFIND4; SAMUEL; SamViewer; SPIDER; RELION2.0; ResMap; bfactor; Chimera For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
Data
Policy information about availability of data All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
-Accession codes, unique identifiers, or web links for publicly available datasets -A list of figures that have associated raw data -A description of any restrictions on data availability Seven three-dimensional cryo-EM density maps of E. coli LptB2FG and LptB2FGC in nanodiscs have been deposited in the Electron Microscopy Data Bank under accession numbers EMD-9118 (nucleotide-free LptB2FG), EMD-9125 (nucleotide-free LptB2FGC, final map), EMD-9128 (nucleotide-free LptB2FGC, map with clear LPS density), EMD-9129 (nucleotide-free LptB2FGC, long-bjr map), EMD-9130 (nucleotide-free LptB2FGC, short-bjr map), EMD-9124 (vanadate-trapped LptB2FG)
